Retroviral envelope (Env) proteins perform multiple functions that are critical for both viral replication and pathogenicity and serve as principle targets of humoral and cellular immune responses (31) . They are synthesized as glycosylated polyproteins that are proteolytically processed by host enzymes into surface (SU) and transmembrane (TM) subunits during passage through the Golgi apparatus, and they are selectively incorporated into budding virions. The SU protein is anchored to the virion membrane by association with the TM protein, and it appears to mediate both binding to receptors and determination of the host range of the virus. The TM protein has three distinct domains: extracellular, membrane-spanning, and cytoplasmic domains. The extracellular domain binds covalently or noncovalently to the SU protein; at its N terminus it contains a stretch of about 20 hydrophobic amino acids, which is designated as the fusion peptide (5, 6, 21, 39, 65) and which contributes to oligomerization of Env proteins (16, 48, 64, 69) . The hydrophobic membrane-spanning domain anchors the Env protein in the cell and viral membrane (4, 47) .
The cytoplasmic tail of the TM protein is processed still further in murine leukemia virus (27, 29, 35) , Mason-Pfizer monkey virus (M-PMV) (61) , and equine infectious anemia virus (52) . The cleavage event is catalyzed by a virus-encoded protease and seems to occur only after the fully assembled virus particle has been released from the cell (12, 29, 36, 43, 52, 57, 61) . In addition to such processing, the cytoplasmic domain is naturally truncated in a number of cases. Thus, propagation of equine infectious anemia virus (52) , simian immunodeficiency viruses (SIVs) (10, 11, 19, 37, 38, 45) , and human immunodeficiency virus type 1 (HIV-1) (59), under some conditions, selects for mutants with a termination codon in the coding region for the cytoplasmic domain. It seems that natural selection favors an extended cytoplasmic domain in some situations and a much shorter one in others and, furthermore, that in some systems it favors synthesis of an extended form and subsequent removal of the extension by proteolysis. The reasons for the existence of these different forms are, however, unknown. It seems likely that an understanding of these phenomena might provide some insight into the function(s) of the cytoplasmic domain itself. Indeed, introduction of a deletion or a site-directed mutation into the corresponding coding region has been shown to cause changes in viral infectivity, the host range of the virus, the membrane fusion activity, and the level of incorporation of Env protein into virus particles for HIV-1, murine leukemia virus, M-PMV, and SIV (7, 13, 20, 25, 34, 49, 50, 53, 70) . It seems likely, therefore, that the cytoplasmic domain contributes to the regulation of the viral life cycle and viral pathogenicity.
Bovine leukemia virus (BLV), an oncovirus related to human T-cell leukemia virus types 1 and 2, causes enzootic bovine leukosis, a disease characterized by a very extended course that often involves persistent lymphocytosis and culminates in B-cell lymphoma (9) . Under experimental conditions, sheep can easily be infected with BLV and some sheep develop B-cell leukemia/lymphoma at higher frequencies and after a shorter latency period than cattle (1, 14) . The Env protein of BLV is synthesized as a 72-kDa precursor that is cleaved to yield a 51-kDa SU protein (gp51) and a 30-kDa TM protein (gp30). gp51 determines the cellular tropism of the virus, whereas gp30 is responsible for anchoring the complex into the membrane and mediates virus-cell fusion (9, 42) . The 58-amino-acid cytoplasmic domain of gp30 contains two overlapping copies of the (YXXL/I) 2 motif (where X corresponds to a variable residue) (51) . This motif, designated the immunoreceptor tyrosine-based activation motif, is found as a pair of YXXL/I sequences that are separated by seven or eight variable amino acids, and it contains all the structural information necessary for signal transduction after the stimulation of T-and B-cell receptors (18, 67) . Studies with chimeric proteins in which the cytoplasmic domain of CD8-␣ was replaced by that of BLV gp30 have shown that the N-terminal (YXXL/I) 2 motif participates in induction of the activation of B cells (3) . In addition to such activity, the two tyrosine residues in the motif also appear to be involved in infection and the maintenance of high viral loads in sheep that have been experimentally infected with BLV (70) . However, the mechanism whereby the YXXL sequences of the cytoplasmic domain control or mediate infection and viral propagation in vivo remains unclear.
The present study was designed to determine the role in viral infectivity of the YXXL sequences of gp30. We recently established a line of cells that is stably transfected with an infectious full-length molecular clone of BLV, designated pBLV-IF, that produced virus in sufficient quantities for subsequent infection experiments (32) . In this study, we changed either a tyrosine or a leucine residue to an alanine residue in the YXXL sequences encoded by pBLV-IF by site-directed mutagenesis and we then established stable transfectants that produced the corresponding modified virus. We report the effects of these mutations on viral propagation in vitro, the incorporation of Env protein into virions, and the entry of viruses into host cells.
MATERIALS AND METHODS
Plasmids and site-directed mutagenesis. The pBLV-IF plasmid contains a full-length BLV provirus with two copies of the long terminal repeat (LTR) and encodes infectious BLV (32) . To generate the mutant proviral DNAs designated Y487A, L490A, Y498A, and L501A, we introduced site-directed mutations into pBLV-IF by following the instructions in the manual provided with the ExSite PCR-based site-directed mutagenesis kit from Stratagene (La Jolla, Calif.) (66) , as shown in Fig. 1 . The numbering of nucleotides (nt) corresponds to that of the complete sequence of BLV reported by Sagata et al. (55) . In brief, 2.3-kb XhoI-XhoI (nt 4553 to 6888) fragments containing BLV env sequences were excised from pBLV-IF and subcloned into pBluescript II KS(Ϫ) (Stratagene) to yield pKS-env. A tyrosine or leucine codon was changed to an alanine codon by PCR with pKS-env as a template and the following primers: Y487m, 5Ј-TAGC AAGGCCTGCGCATCAGAATCGGG-3Ј, and Y487a, 5Ј-CCATCTGCACCA GAGATCTAC-3Ј, for Y487A; L490m, 5Ј-GCAGATGGTAGCGCGGCCTGA TAATC-3Ј, and L490a, 5Ј-ACCAGAGATCTACTCTCA-3Ј, for L490A; Y498m, 5Ј-GGGGGAGAGGTGGCTAGCGATCTCTGGTGC-3Ј, and Y498a, 5Ј-GTC AAACCCGATTAGATCAAC-3Ј, for Y498A; and L501m, 5Ј-TTTGACGGGG GACGCGTGAGAGTAGATC-3Ј, and L501a, 5Ј-CCCGATTACATCAACCTC CGA-3Ј, for L501A. The proviral DNA encoding a protein with two mutated tyrosine residues, Y487/498A, was also obtained by PCR with the Y487A template and the Y498m and Y498a primers. In all mutageneses, altered nucleotides are underlined. The primers were designed to introduce the desired amino acid residue(s), as well as to introduce or to disrupt the recognition site of a restriction endonuclease. The XhoI-XhoI fragments including mutated env sequences were used to replace the corresponding region of pBLV-IF. To verify the presence of the desired mutations and the absence of errors due to the use of Taq DNA polymerase, all of the mutated plasmids were sequenced by the dideoxy chaintermination method (56) with a BcaBEST dideoxy sequencing kit (Takara, Otsu, Japan).
The structures of pBLTRCAT, pBLVLTR(U3)-neo, and pSV-␤-galactosidase (Promega, Madison, Wis.) have been described previously (32) .
Cells and transfections. African green monkey kidney COS-1 cells and fetal lamb kidney FLK cells, the latter of which are permissive with respect to infection by BLV, were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum, penicillin, and streptomycin. The FLK/BLV cell line, which is persistently infected with BLV, was also used as a positive control in Western blotting analysis.
For assays of chloramphenicol acetyltransferase (CAT) activity, COS-1 cells (5 ϫ 10 5 ) were plated in 10-cm-diameter dishes the day before transfection, and they were transfected with 5 g of wild-type or mutant proviral DNA, together with 8 g of pBLTRCAT and 2 g of pSV-␤-galactosidase, by the DEAEdextran method (58) . For transfections for other assays, COS-1 and FLK cells (5 ϫ 10 6 ) were transfected with 50 g of either wild-type or mutant proviral DNAs by electroporation in a cuvette with a 0.4-cm electrode gap and a Gene Pulser II (Bio-Rad Inc., Hercules, Calif.) at 260 V and 975 F.
Cells that constitutively produced mutant BLV were established by stable transfection with mutant proviral DNAs as described previously (32) . In brief, COS-1 cells (5 ϫ 10 6 ) were cotransfected with 50 g of mutant proviral DNA that had been linearized with NotI and 5 g of pBLVLTR(U3)-neo that had been linearized with EcoRI by electroporation, as described above, and stable transfectants that were resistant to the antibiotic G418 (1 mg/ml) were selected.
Assay of viral entry into cells. To monitor the adsorption to and penetration of FLK cells by BLV, we performed separate experiments at 4 and 37°C. Trypsin was used to eliminate virus particles that had adhered to but not penetrated cell surfaces. Viruses produced by FLK/BLV cells were concentrated as described above, and then serial 5-fold dilutions of virus (including reverse transcriptase [RT] activity of 100,000 cpm) were made in RPMI 1640 medium that contained 4 g of Polybrene/ml. A portion of the suspension of viruses was also heated at 60°C for 1 h as a negative control. Viruses produced by COS-1 cells that had been stably transfected with wild-type or mutant proviral DNA were suspended (RT units, 10,000 cpm) in RPMI 1640 medium that contained 4 g of Polybrene/ml. FLK cells that had been plated at 3 ϫ 10 5 cells per 3.5-cm-diameter dish 1 day previously were incubated with 200-l aliquots of the suspension of viruses at 4 or 37°C for 2 h. Then cells were washed five times with ice-cold RPMI 1640 medium. In experiments designed to estimate viral penetration, after the first wash with RPMI 1640, cells were treated with 0.25% trypsin for 5 min at room temperature. Cells were harvested and washed once with 1 ml of ice-cold RPMI 1640 medium by mixing for 5 s on a vortex mixer. Cell pellets were collected by centrifugation at 700 ϫ g for 30 s and lysed in buffer that contained 2% sodium dodecyl sulfate (SDS) and 2 mM phenylmethylsulfonyl fluoride. Entire cell lysates after treatment with trypsin and one-quarter of cell lysates without such treatment were subjected to Western blotting analysis to monitor levels of p24 protein.
Other procedures. Assays for CAT activity, RT activity, and formation of syncytia, Western blot analysis, immunofluorescence (IF) microscopy, inoculation of cell-free virus, and serial passage of cells after transfection with proviral DNA were performed as described previously (32) .
RESULTS
Three YXXL sequences in the gp30 transmembrane protein of the BLV infectious molecular clone pBLV-IF and their biological relevance. In our efforts to clarify the functional role of the YXXL sequences in the life cycle of BLV, we used the infectious molecular clone pBLV-IF, which has great potential utility for molecular genetic studies and for characterization of the biological properties of BLV. First, to verify the presence of YXXL sequences in gp30 encoded by pBLV-IF, we determined the nucleotide sequence of the env gene for gp30 that corresponded to the cytoplasmic domain and compared the sequence with the previously published sequences obtained from nine variants of BLV (42, 55, 70) . The comparison of sequences revealed the existence of three copies of the YXXL sequences in pBLV-IF and in all nine variants (data not shown). In addition, the sequence between nt 6211 and 6368 of pBLV-IF was identical to that in the Japanese variant -BLV (55).
It has been reported that, among the three copies of the YXXL sequence found in gp30 of BLV, the two N-terminal YXXL sequences are essential for signal transduction in cultured cells and that the third sequence is not necessary for this activity. Therefore, we separately mutated the codons for tyrosine or leucine residues at positions 487, 490, 498, 501, and 487 plus 498 to the codon for an alanine residue(s) to obtain mutant proviral DNAs (Fig. 1) . In order to examine expression of cell-associated viral proteins and production of viral particles by the various mutant proviruses, we transiently transfected COS-1 cells, which release virus and strongly express BLV antigens after transfection with pBLV-IF (32) . Sixty hours after transfection, we performed Western blotting, CAT, and RT analyses (Fig. 2) . Bands corresponding to the structural proteins of cell-associated BLV, such as p24, gp30, Pr45 gag , gp51, Pr70 gag , and gPr72 env , were detected specifically in the analyses of all cells that had been transfected with mutant proviral DNA by Western blotting with serum from a BLV-infected sheep ( Fig. 2A) . The molecular masses of these proteins were indistinguishable from those of proteins detected in analyses of COS-1 cells that had been transfected with wild-type proviral DNA, which served as positive controls. By contrast, no specific bands were detected in the analysis with a control serum from an uninfected sheep ( Fig. 2A) . Next, to examine expression of trans-activational Tax proteins, we transfected COS-1 cells with either wild-type or mutant proviral DNA together with the reporter plasmid pBLTRCAT, which harbored the LTR sequences of BLV upstream of a gene for CAT, and pSV-␤-galactosidase for normalization of the efficiency of transfection. The CAT assay indicated that cells transfected with all mutant proviral DNAs synthesized a functional Tax transactivator at levels similar to those obtained with wild-type proviral DNA (Fig. 2B) . Moreover, we examined whether virus particles were released into the growth medium of COS-1 cells that had been transfected with either mutant proviral DNAs or wild-type DNA by assays of RT activity. As shown in Fig. 2C , similar levels of RT activity were detected in growth media from all transfectants. Together, these results demonstrate that none of the five mutations in the YXXL sequences affected the synthesis, processing, and expression of viral proteins and the production of viral particles after transfection. Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis on a 10% polyacrylamide gel, and then the proteins in the gel were electrophoretically transferred to a polyvinylidene difluoride membrane filter (Immobilon; Millipore, Bedford, Mass.). For detection of viral structural proteins, the membrane was incubated in buffer that contained either serum from a BLV-infected sheep or control sheep serum. After washing, the filter was incubated with rabbit antibodies against sheep immunoglobulin (Ig) G (Cappel, Cochranville, Pa.) as the second antibody and incubated with horseradish peroxidase-conjugated antibodies raised against rabbit immunoglobulin (Amersham) as the third antibody. Positions of the protein markers with molecular masses and of the BLV structural proteins are indicated. Molecular masses are expressed in kilodaltons. (B) Expression of functional transactivation Tax protein. CAT activities of cells transfected with pBLTRCAT, which harbored the LTR sequences of BLV upstream of a gene for CAT, wild-type or mutant proviral DNA, and pSV-␤-galactosidase were determined. (C) RT activity of a concentrated preparation of viruses that was released into growth medium. Ten milliliters of the growth medium from each culture of transfectants was concentrated by ultracentrifugation, and the virus pellet was suspended in 50 l of serum-free RPMI 1640 medium. Ten microliters of each concentrated preparation of virus was then used for the RT assay. Each column and error bar represent the mean Ϯ standard error of results from three independent experiments (B and C).
Serial passage of FLK cells after transient transfection with YXXL mutant proviral DNAs.
We showed recently that serial passage of FLK cells after transient transfection with wild-type pBLV-IF results in the propagation of BLV with sequentially increasing percentages of BLV antigen-positive cells and progressively increasing numbers of syncytia (32) . To investigate whether the mutant proviral DNA encoded infectious viruses, we transfected FLK cells with wild-type proviral DNA or mutant proviral DNA and then monitored the kinetics of viral replication by serially determining the percentages of cells that expressed BLV antigens, as well as by monitoring the RT activity of concentrated viruses from the growth media and the formation of syncytia in cells passaged at 4-day intervals (Fig.  3) . The efficiency of transfection seemed unaffected, with approximately 0.8 to 1.1% of cells being positive for BLV antigens in all cases 4 days after transfection (Fig. 3A) . In FLK cells transfected with Y487A, L490A, or L501A mutant proviral DNA, the percentage of cells that expressed viral antigens increased with the number of passages and approximately 20 to 30% of cells expressed viral antigens within 20 days after transfection. Similarly, all proviral DNAs caused an increase in the formation of syncytia and the production of virus that appeared to spread rapidly though the culture, as indicated by the increase in RT activity in the concentrated growth media ( Fig.  3B and C) . The kinetics of replication of the mutant viruses were indistinguishable from that of the wild type in terms of the increase in the percentage of BLV antigen-positive cells, the RT activity of the concentrated growth medium, and the number of syncytia. By contrast, no replication of Y498A and Y487/498A mutant viruses was detected for 20 days after transfection by any of the three assays (Fig. 3) . Thus, it appeared that replacement by alanine of Y498 in the second YXXL sequence of gp30 dramatically decreased the efficiency of both primary infection and secondary infection.
Establishment of stable transfectants that harbored YXXL mutant proviral DNA. During serial passages of transient transfectants generated as described above, BLV can spread by both cell-to-cell and cell-free transmission. To characterize the biological functions of YXXL sequences in gp30 in viral transmission, it is essential to establish stable transfectants that can produce sufficient quantities of mutant BLV for subsequent infection experiments. Therefore, we transfected COS-1 cells with linearized pBLV-IF mutant DNA and pBLVLTR(U3)-neo, which contained the LTR-U3 region of BLV cloned upstream of the neomycin resistance gene, and then cultured cells in the presence of G418 as described previously (32) . After G418-resistant colonies had grown up, we individually expanded several colonies within each series of transfectants and examined the expression of cell-associated BLV antigens by Western blotting (Fig. 4A) . Bands corresponding to the structural proteins of cell-associated BLV, such as p24, gp30, Pr45 gag , gp51, Pr70 gag , and gPr72 env , were detected specifically in the analyses of five mutant proviral DNA-transfected lines by Western blotting with serum from a BLV-infected sheep. By contrast, no specific bands were detected in the analysis with a control serum from an uninfected sheep (data not shown). An RT assay revealed that five lines of transfectants that harbored mutant BLV released significant amounts of BLV into the growth medium (Fig. 4C) .
Transmission of YXXL mutant BLV by cell-free infection. We investigated the effects of mutations in YXXL sequences in gp30 on cell-free infection. Supernatants from cultures of COS-1 cells that had been stably transfected with either wildtype proviral DNA or mutant proviral DNA were concentrated by ultracentrifugation, and the RT activity of the viral suspension in serum-free RPMI 1640 was measured. An equivalent number of RT units of virus was inoculated into FLK cells, which are highly susceptible to cell-free infection of BLV (32) . Three and 5 days after inoculation, we examined the success of infection by indirect IF microscopy, using serum from a BLVinfected sheep, and by monitoring the formation of syncytia. As shown in Fig. 5A , among FLK cells that had been inoculated with wild-type BLV, Y487A, L490A, or L501A mutant BLV 3 days previously, approximately 1.8 to 3.6% of cells were positive for BLV antigens. Five days after inoculation, the percentage of positive cells was even higher (3.6 to 4.3%). By contrast, very few of the FLK cells that had been inoculated with Y498A or Y487/498A mutant BLV were positive for BLV antigens 3 and 5 days after infection. Similarly, the numbers of syncytia induced by inoculation with Y498A or Y487/498A mutant BLV were approximately 4 to 8 times lower than those of syncytia induced by inoculation with wild-type, Y487A, L490A, or L501A mutant BLV (Fig. 5B) . Thus, the tyrosine residue at position 498 in the second YXXL sequence in gp30 appears to be essential for successful cell-free transmission of BLV.
Effects of YXXL mutations on the assembly of Env protein into viral particles. The cytoplasmic domain of the transmembrane glycoprotein gp30 is involved in virus assembly, participating both in the intracellular transport of the glycoprotein and in incorporation of the glycoprotein into virions, as well as in entry in the life cycle of the virus (15, 47, 54, 60) . Therefore, FIG. 4 . Establishment of cell clones that produced mutant BLV. COS-1 cells were transfected with linearized wild-type or mutant proviral DNA in combination with pBLVLTR(U3)-neo. Twenty-four hours after transfection, cells were replated and cultured in the presence of 1 mg of G418/ml. From 14 to 28 days after transfection, several colonies within each series of transfectants were individually expanded, the expression of BLV structural proteins was confirmed by Western blotting with serum from a BLV-infected sheep, and a typical clone for each mutant was then selected. Expression of BLV, as detected by Western blotting with serum collected from a BLV-infected sheep and subsequently treated with rabbit antibodies against sheep immunoglobulin G as the second antibody and horseradish peroxidase-conjugated antibodies raised against rabbit immunoglobulin as the third antibody (A), and production of viral particles, as detected by the RT assay (C), by typical clones are shown (C). Each column and error bar represent the mean Ϯ standard error of results from three independent experiments. (B) For quantification, the intensities of bands (A) were determined with a Bio-Image densitometer and software (Millipore). Levels of gp51 were normalized for incorporated Pr45 gag levels.
FIG. 5. Transmission of mutant BLV by cell-free inoculation.
To concentrate virus particles, growth medium was clarified by centrifugation at 2,000 ϫ g for 10 min at 4°C and then the supernatants were filtered (pore diameter, 0.45 m). The filtered supernatant was layered on a cushion of 10% glycerol and centrifuged at 20,000 rpm in an SW28 rotor (Beckman, Palo Alto, Calif.) for 2 h at 4°C. Pelleted materials were resuspended in serum-free RPMI 1640 medium. A 200-l aliquot of a concentrated preparation of virus (RT units, 10,000 cpm) was used to inoculate FLK cells (10 5 cells/3.5-cm-diameter dish) by incubation at 37°C for 2 h in the presence of 4 g of Polybrene/ml. Cells were then fed 1.5 ml of complete medium that contained 4 g of Polybrene/ml after removal of viruses by aspiration. Twenty-four hours after inoculation, cells were replated in four 3.5-cm-diameter dishes and then the expression of BLV (A) and the formation of syncytia (B) were monitored at three (open columns) and five (shaded columns) days after inoculation. The expression of BLV was detected by indirect IF microscopy of fixed cell smears by using serum from a BLV-infected sheep and subsequently fluorescein isothiocyanate-conjugated rabbit antibodies against the F(abЈ) 2 fragment of sheep immunoglobulin G (Cappel). Each column represents the mean of results from two independent experiments. we examined whether the YXXL mutant BLV supported the incorporation of the Env protein gp51 into virions. Before assessing the level of virion-associated Env proteins in mutant BLV, we first analyzed the levels of cell-associated Env proteins in COS-1 cells that had been stably transfected with each mutant proviral DNA. The film of the Western blot shown in Fig. 4A was scanned with a Bio-Image densitometer, and then the relative intensities of bands that corresponded to structural proteins Pr45 gag and gp51 were quantified (Fig. 4B) . The ratios of intensities of the bands of gp51 and Pr45 gag were similar for each of the five mutant proviral DNAs and the wild-type provirus. We next analyzed concentrated virus particles that had been released from COS-1 cells that had been stably transfected with each of the five mutant proviruses by Western blotting, using serum from a BLV-infected sheep (Fig. 6A) . As in the cases of wild-type virions and virions from FLK/BLV cells that had been productively infected with BLV, which served as positive controls, bands corresponding to structural proteins, such as p24, gp30, Pr45 gag , and gp51, were readily detected in the analyses of all five mutant virions. However, the relative level of gp51 incorporated into each preparation of virus varied (Fig. 6B) . The ratios of intensities of the bands of the gp51 and p24 proteins in virions produced by L490A or L501A mutants were approximately the same as those in virions produced by the wild-type construct. The gp51 protein of the Y487A mutant was packaged 1.5 times more efficiently than that of the wild type. By contrast, virions produced by Y498A and Y487/498A mutants contained lower relative levels of gp51, namely, 45% of the wild-type level. It appeared, therefore, that mutation of the tyrosine residue at position 498 in the second YXXL sequence in gp30 reduced the incorporation of gp51 into virus particles without affecting the synthesis and processing of Env proteins in COS-1 transfectants. Our findings also suggest that this phenomenon might be closely related to the dramatically decreased infectivity that was observed after mutation of the tyrosine residue at position 498 in the YXXL sequences.
Effects of YXXL mutations on the adsorption to and penetration of FLK cells by BLV. We investigated whether mutations in the YXXL sequences had any effect on adsorption to and penetration of permissive FLK cells by the virus. After incubation with BLV at 37°C (for viral penetration) or at 4°C (for viral adsorption), cells were washed to remove unbound virus before treatment with trypsin. Control cells were not treated with trypsin. Cells were then lysed, and levels of p24 protein were measured by Western blotting with a monoclonal antibody against p24 (2) . At 4°C adsorption of virus occurs without subsequent penetration, whereas both viral adsorption to and penetration of permissive cells are possible at 37°C (40, 68) . Treatment with trypsin after the virus has been allowed to interact with cells eliminates virus particles that have adsorbed to but not penetrated the cell surface (28, 30) . In the absence of trypsin treatment, the amount of p24 protein reflects the amounts of both virus that has adsorbed to the cell surface and virus that has already entered cells.
To confirm the validity of the assay that we used to assess viral adsorption to cells, we diluted virus that had been prepared from growth medium of FLK/BLV cells (RT units, 100,000 cpm) from 1:5 to 1:625 in RPMI 1640 medium (Fig.  7A) and then incubated the diluted virus with FLK cells at 4°C. Nonspecific adsorption of the virus was measured by using FLK cells that had been incubated with heat-inactivated virus. As shown in Fig. 7C , in the absence of treatment with trypsin after virus-cell interaction, the amount of p24 detected depended on the amount of virus in the original undiluted preparation and in preparations diluted as much as 1:125. Consistent with the hypothesis that trypsin eliminates virus particles that have adhered to the cell surface, no p24 was detected when cells were treated with trypsin after they had been exposed to viruses (Fig. 7E) . To examine whether adsorbed viruses subsequently entered cells, we incubated diluted preparations of viruses, as described above, with FLK cells at 37°C. In contrast to the results obtained at 4°C, the amount of p24 detected depended on the amount of virus in undiluted preparations, even at dilutions as high as 1:125 in the cases of both untreated and trypsin-treated cells (Fig. 7I and G) . The amounts of p24 detected in cells that had been treated with trypsin were approximately 1% of those in trypsin-untreated cells, which reflected viruses that had penetrated cells.
To analyze effects of YXXL mutations on viral adsorption, we incubated viruses prepared from growth medium of COS-1 cells that had been stably transfected with wild-type provirus DNA or with mutant proviral DNA (RT units, 10,000 cpm) with FLK cells at 4°C. As shown in Fig. 7D , when the virus-cell suspension was not treated with trypsin, the amounts of p24 detected for all five mutant viruses were similar to that for wild-type BLV (Fig. 7D) . When the virus-cell suspension was treated with trypsin, bands corresponding to p24 were completely lost in all cases (Fig. 7F) . Furthermore, to analyze the effects of YXXL mutations on the entry of viruses into cells, we incubated viruses prepared from the growth medium of COS-1 cells that had been stably transfected with wild-type or mutant proviral DNA (RT units, 10,000 cpm) with FLK cells at 37°C. As shown in Fig. 7H , lower levels of p24 that became associated with cells were detected for Y498A and Y487/498A mutant viruses without trypsin treatment after the virus-cell interactions than for the wild-type virus and the Y487A, L490A, and L501A mutants. Likewise, when the virus-cell suspension was treated with trypsin, the intensity of the band of p24 was markedly lower for Y498A and Y487/498A mutant viruses than for the wild-type virus and the three other mutants. Together, these results indicate that mutation of the tyrosine residue at position 498 in the second YXXL sequence of gp30 reduced the potential for both specific binding of the virus to the cell surface and entry into cells.
DISCUSSION
Our results lead to two major conclusions. First, the present study revealed that replacement of tyrosine by an alanine residue at position 498 in the second YXXL sequence caused a significant reduction in the infectivity of BLV in both cell-tocell and cell-free infection. This result strongly supports the results of Willems et al. (70) , who reported that the tyrosine residue in the second YXXL sequence is essential for successful infection by BLV in vivo. Second, our results also demonstrated that this mutation affects the efficiency of entry into cells during an early stage of the virus's life cycle and the incorporation of Env proteins into virions during the late stage. Thus, residue Y498 within the YXXL sequence seems likely to play a critical role in the replication of BLV.
Western blotting of cell-associated viral proteins and virus particles revealed that although all of the mutant gp30 glycoproteins were synthesized, processed, and expressed similarly to the wild-type glycoprotein, gp51, they were incorporated less efficiently into the Y498A and Y487/498A mutant particles than they were into particles of the wild-type virus and the Y487A, L490A, and L501A mutants. This result suggests that the cytoplasmic tail of gp30 regulates the level of incorporation of gp51 into viral particles. It is still unclear how mutations in the cytoplasmic domain of BLV might affect incorporation of viral Env proteins. However, there are at least four possibilities. First, it has been postulated that interaction of specific sequences in TM protein with Gag proteins is a necessary step for incorporation of Env proteins into viral particles (24, 25, 44) . Such interactions in retroviruses are supported by the results of studies of chemical cross-linking of TM protein and matrix (MA) protein in Rous sarcoma virus (26) , the influence of MA mutations on cleavage of the M-PMV cytoplasmic domain (8) , and the inefficient incorporation of Env proteins in HIV-1 with a mutated MA protein (20, 71) . Thus, the replacement of tyrosine by alanine at residue 498 in the second YXXL sequence might result in a less stable association between gp30 and Gag protein, which might play an important role in the incorporation of gp51 into the virion. A second possibility is that the conformation of gp30 that is required for efficient incorporation of Env proteins is disrupted by the mutation of residue Y498. This possibility is supported by the following observation: removal of 104 amino acids from the carboxyl terminus of gp41 of HIV-1 resulted in a mutant virus with significantly reduced incorporation of Env proteins compared with wild-type virions. However, the surface expression and the surface anchorage of the gp120 Env protein of HIV-1 were unaffected by this truncation (72). Spies et al. have demonstrated that a truncated TM protein of SIV formed more stable SDS-resistant oligomers than did the full-length TM protein, suggesting that truncation of the cytoplasmic domain of the SIV Env protein might affect the conformation of the external domain of this TM protein (62) . These results also imply a third possibility, that the association between SU and TM proteins on the outside of the membrane is affected by the mutations in the cytoplasmic domain of BLV. A fourth possibility is that the cytoplasmic domains of viral glycoproteins are utilized by the virus as a signal for the incorporation of these glycoproteins into virions, therefore providing a mechanism for the exclusion of cell surface proteins (44) . For full clarifi- FIG. 7 . Assay of entry of mutant BLV into cells. Viruses produced by FLK/BLV cells (RT units, 100,000 cpm) were diluted 1:5 to 1:626 with RPMI 1640 medium that contained 4 g of Polybrene/ml or were heated at 60°C for 1 h (A, C, E, G, and I). Viruses produced by COS-1 cells that had been stably transfected with wild-type or mutant proviral DNA (RT units, 10,000 cpm) were prepared in RPMI 1640 medium that contained 4 g of Polybrene/ml (B, D, F, H, and J). A 200-l aliquot of a suspension of viruses was incubated with FLK cells (3 ϫ 10 5 ) in a 3.5-cm-diameter dish at 4°C (C, D, E, and F) or at 37°C (G, H, I, and J) for 2 h. After virus-cell interaction, cells were washed five times with ice-cold RPMI 1640 medium. Aliquots were subsequently treated with 0.25% trypsin for 5 min at room temperature (E, F, I, and J). Cells were harvested and washed once with 1 ml of ice-cold RPMI 1640 medium by mixing for 5 s on a vortex mixer. Cells were pelleted by centrifugation at 700 ϫ g for 1 min and lysed in phosphate-buffered saline that contained 2% SDS and 2 mM phenylmethylsulfonyl fluoride. A 10-l aliquot of the viral suspension (A and B), one-quarter of cell lysates prepared without treatment with trypsin (C, D, G, and H), and the entire amounts of cell lysates obtained after treatment with trypsin (E, F, I, and J) were fractionated by SDS-10% polyacrylamide gel electrophoresis and then subjected to Western blotting with a monoclonal antibody against p24 (2) and subsequently incubated with horseradish peroxidase-conjugated sheep antibodies against mouse immunoglobulin (Amersham).
cation of the role of YXXL sequences in the cytoplasmic domain of gp30 in the incorporation of gp51 into virions, the biochemical characterization of the mutant forms of BLV, i.e., the study of interactions between gp30 and Gag protein and of the structure of gp30 in Y498A and Y487/497A mutant BLV, is essential.
In the present study, we found results indicating that mutant virions Y498A and Y487/497A, which have significantly reduced incorporation of gp51 compared to wild-type virions, were noninfectious in FLK cells, which are permissive with respect to BLV infection. Similarly, previous studies have suggested that the cytoplasmic domain of TM protein might make an important contribution to viral morphogenesis and infectivity: some mutants of HIV-1, SIV, and M-PMV with truncations of the cytoplasmic domain of TM protein exhibit defective infectivity that is associated with inefficient incorporation of Env proteins (7, 15, 20, 34, 71) . Thus, there appeared to be a correlation between viral infectivity and incorporation of Env proteins into virions. Furthermore, it appears that the reduced infectivity of the Y498A and Y487/498A mutant forms of BLV might be the result of substitution of alanine for tyrosine at residue 498 in the second YXXL sequence in the cytoplasmic tail of gp30 and its effects on some step(s) after adsorption and/or binding of the virus to cells. Therefore, in addition to SU protein, TM protein is responsible for successful infection after entry of the virus into a cell.
The YXXL sequences of gp30 appear to have multiple functions and to be involved in efficient replication of the virus and development of leukemogenesis. This hypothesis is supported by the fact that the three YXXL sequences in gp30 are completely conserved in all of the eight strains reported to date (42, 55, 70) . The potential signal transduction activity of these sequences (3) also suggests that Env proteins might function as transducers that mediate abnormal signals that induce tumorigenesis. It is of interest, in this context, that latent membrane protein 2A of Epstein-Barr virus, which also induces human B-cell tumors, has a copy of the (YXXL) 2 motif. The immunoreceptor tyrosine-based activation motif in latent membrane protein 2A blocks signal transduction via B-cell receptors as a result of constitutive phosphorylation of tyrosine residues within the motif and an association with Syk tyrosine kinase (22, 23) . Moreover, the present study and the results reported by Willems et al. (70) demonstrate the important roles of these sequences for successful infection of BLV. Recently, we obtained evidence suggesting that these sequences might be involved in the cell surface expression and fusogenic capacity of Env proteins (33) , and several reports have indicated that a YXXL sequence might be recognized as a tyrosine-containing internalization motif and might regulate the transport of proteins that contain this sequence (17, 41, 46, 63) . A full understanding of the roles of YXXL sequences might clarify some of the biological properties of BLV and the mechanism by which leukemogenesis is induced by BLV.
